© Versita Sp. z o.o. Direct Analysis in Real Time mass spectrometry (DART-MS) is an emerging and rapidly developing area of ambient desorption ionization mass spectrometric techniques. Its coupling with planar chromatography is especially promising, as compared to other ambient desorption ionization techniques, because it does not require the use of liquids that may distort the shape of a spot by diffusion effects. In the first publications on TLC/HPTLC-DART-MS, due to the fixed, horizontally aligned supply of the gas flow from the DART ionization source to the MS inlet, the introduction of HPTLC/TLC plates as cut strips was inconvenient for quantitation, and the repeatability was very low due to the manual positioning. Recently a new version of the DART ion source was suggested, which allows adjusting the angle of the DART gas stream and the use of a motorized rail, thereby, improving highly the capabilities of TLC/HPTLC-DART-MS. This comprehensive review describes the development and analytical capabilities of TLC/HPTLC-DART-MS, and the general DART-MS perspectives for surface analysis or imaging MS.
Introduction
In the past decade, many ambient desorption ionization techniques were invented, which enormously eased the coupling of planar chromatography (i.e., mainly thinlayer and high-performance thin-layer chromatography, TLC/HPTLC) with mass spectrometry [1] . Among these approaches, Direct Analysis in Real Time (DART) and Desorption Electrospray Ionization (DESI) are nowadays most established and well-known, and their remarkable potential in coupling with planar chromatography has already been proven [2] .
The unique feature of TLC-DESI-MS coupling is the possibility to detect high-molecular compounds such as peptides and proteins. The great capabilities of this coupling [3] [4] [5] might be mitigated due to the necessity for using a liquid for ionization. Silica gel layers are the mostly used layers in the field of TLC/HPTLC, but when the methanol (preferable DESI solvent) is directed on silica gel layers, a partial diffusion of the analytes was described [3] , caused by the strong elution power of the polar DESI solvent directed onto the silica gel layer. Imaging capabilities or spatial resolution might be influenced this way. Also, in DESI the multiply charged ions might be formed, which additionally complicates the spectra interpretation.
In DART-MS, the gas stream of the DART source directly interacts with the components on a TLC plate without any distortion of the spot shape. Hence, the coupling of planar chromatography with DART-MS is promising due to the use of a gas flow for ionization and the formation of singly charged ions. However, heatprone compounds might show fragment ions and are not the best compound group for DART analysis. The simplified mechanism of DART ionization in the positive ion mode involves the formation of charged water clusters, originating from water molecules in ambient air, and further proton transfer from these clusters to the Central European Journal of Chemistry desorbed analyte molecules. In the negative ion mode, the mechanism involves the charged oxygen species. However, the real mechanism of DART ionization is more complex and involves molecules of ambient compounds, including the sample matrix [1, 6] .
The hyphenation TLC/HPTLC-MS has its intrinsic benefits [7] . For example, it is possible to detect sample components only at distinct regions of interest on the plate, which is advantageous if compared to such a more traditional method as HPLC-MS, as it avoids the recording of background, matrix or negative findings. The certainty level, meaning the analytical steps to be selected, can easily be adjusted to the requirements of the individual sample, which definitely saves costs. Also, the organic solvent used for the TLC or HPTLC separation does not have any impact on MS detection, when being evaporated. Thus, the current review is dedicated to the coupling of planar chromatography with DART mass spectrometry, including the circumstances of its development and future perspectives.
2.

Proof of principle and challenges of TLC/HPTLC-DART-MS
Coupling planar chromatography with DART-MS can provide the fast elimination of sample matrix for various analytical tasks. Upon separation, analyte zones are isolated from interfering matrix, and DART-MS analysis of these zones can be performed at an increased temperature, enabling the more effective desorption of analytes from the TLC/HPTLC layer. The first detailed paper dedicated to the challenges of coupling planar chromatography (TLC/HPTLC) with DART-MS was published in 2007 [8] . However, the very first (and only qualitative) HPTLC-DART-MS results were obtained and published in 2006 within the studies on the determination of isopropylthioxanthone in milk, yogurt, and fat by HPTLC with fluorescence detection, followed by marking of the zones of interest by a pencil and ESI and DART mass spectrometric analyses of these zones [9] . In the middle of 2008, the studies on the application of TLC-DART-MS for monitoring of organic synthesis reactions were published [10] .
In the early versions of the DART ion source, the gas supply from the source to the MS inlet was fixed and horizontally-aligned (Fig. 1) . Due to this, the online coupling of planar chromatography with DART-MS could be done only manually, as cut narrow strips. For recording mass spectra, the plate was cut at the zone of interest, and that zone was exposed to the DART gas stream. The ions formed were guided into the MS vacuum system, and mass spectra were obtained instantaneously.
Such plate introduction was inconvenient and could not provide an accurate quantitation without the use of an isotope-labeled internal standard. The correlation of the calibration curve showed a coefficient of determination of 0.8202, whereas using an isotopelabeled internal standard the coefficient of determination was 0.9892 [8] . However, using isotope-labeled internal standards drastically increases analysis costs, therefore the necessity for performing the quantitation using such standards reduces the attractiveness of TLC/HPTLC-DART-MS coupling. The S/N ratio for a spot of about 1 ng isopropylthioxanthone was equal to 84 using a time-of-flight mass analyzer (TOF MS) [8] . Desorption and ionization of substances from different stationary phases such as silica gel, amino or RP18 phases was possible on different carriers, e.g. glass plates or aluminum foils. Thereby heating the gas aided in desorption of analytes. A spatial resolution study for HPTLC/DART-TOF MS showed resolving the bands of 3-mm distance very clearly [8] , and a spatial resolution of better than 1 mm was assumed to be possible [1] . No physical damage of the plate was observed, just the decay of the signal. However, a prerequisite was the proper positioning of the zone in the excited gas stream, because the distance and angle of the plate 
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in respect to the MS inlet influenced the detectability. If proper positioning was assured, HPTLC/DART-MS worked even quantitatively: the calibration curve with determination coefficient (r 2 ) of 0.9993 and %RSD of 3.5% was obtained for caffeine via positioning correction by deuterated caffeine-3D, and the repeatability of better than 5.4% was successfully demonstrated [8] . All these results proved the general suitability of DART-MS for its application in combination with TLC/HPTLC and turned out that an automated sample introduction system, e.g. an automated carrier table, is crucial for reliable quantitative applications.
Applications in a wide substance range
After the proof of principle, a number of various qualitative applications was reported, showing the suitability of TLC/HPTLC-DART-MS in a wide substance range (Table 1) . HPTLC-DART-MS was used for confirmation of the derivatization product (3-dansylpropanamide) for fast determination of acrylamide in drinking water [11] , and the protonated molecule was recorded, as well as the respective dimer ion. For zinc-containing lubricant additives in mineral oil [12] separations. Protonated molecules were also observed for other compounds and dyes in a study of TLC-DART-MS signal enhancement [18] . It is concluded that, depending on the ionization mode, the resulting mass spectra show the (de)protonated molecule or (de)sodiated signals [8] [9] [10] [11] 13, 14, [16] [17] [18] [19] , as well as the respective dimers for higher analyte quantities. However, also ammonium adducts, urea adducts or water loss products, etc., can also be formed.
Surprisingly, no HPTLC-DART-MS application in biological fluid or tissue analysis have been demonstrated yet, although we expect that such publications will appear soon. In particular, the emerging example for HPTLC-DART-MS will be pharmacokinetic studies, which might be shown in the near future. The parallel development under identical conditions is an excellent prerequisite for such studies.
2.3.
With the fixed horizontal gas supply of the first generation of DART ion sources, a satisfying scanning of a TLC/ HPTLC region was not possible. However, automated sample introduction and scanning across the TLC/ HPTLC plate was concluded to be crucial for further method progress [1, 6] . This would allow scanning across the whole track, or even a 2-D area scanning. Thus, it offers potential for reliable quantitative results and Imaging DART-MS. Therefore, the introduction of the DART ion source with a varying angle for flat sample introduction and desorption/ionization was the very logical consequence within the progress of DART-MS developments.
The first publication on DART-MS and TLC-DART-MS utilizing the desorption at an angle option ( 
Automated scanning TLC/HPTLC-DART-MS with potential for quantitation and Imaging MS
appeared in 2011 [20] . In that paper, the possibility for scanning of surfaces by DART-MS was demonstrated for the first time, using a self-built x-table as a carrier for TLC/HPTLC strips.
For visualization of the DART gas beam impact region on the TLC/HPTLC strip, a simple technique was suggested, which is also suitable for any other surface analysis by DART-MS. This visualization technique is based on the use of a chemical reaction of sugar with aniline diphenylamine o-phosphoric acid reagent, or 2-naphthol sulfuric acid, or p-aminobenzoic acid reagent [21] , leading to the formation of a colored product upon local heating of the surface. Using the heated DART gas, a locally restricted derivatization was performed on the TLC/HPTLC plate, making the gas impact region visible. Varying the combinations of sugar quantity on a plate, reagent type and concentration, one can choose the most appropriate conditions for the visualization of the DART impact region for the specific analytical applications. Such a visualization prior to DART-MS sample analysis is important for selecting the optimal coordinates of the DART ion source and by that providing the most favourable conditions for subsequent desorption/ionization of analytes from the surface. However, the use of a self-built x-table as carrier plate for the TLC/HPTLC strip did not provide the sufficient alignment required for quantitation (Fig. 3) .
The most up-to-date setup, now commercially available for coupling of planar chromatography with DART-MS, includes the DART ion source with desorption at an angle option (SVPA) and a motorized rail equipped with an extended x-y-z-table of 15×8.5 cm, which can carry the dimensions of a TLC/HPTLC plate (IonSense; Fig. 4) . Such a setup now provides scanning analysis of larger surfaces and their excellent, reproducible alignment in all dimensions. This is a very important pre-condition for any quantitative studies on surfaces using DART-MS. For TLC/HPTLC, the reliable analyte signals can be rapidly obtained now from all samples on the plate. The linear scan in the so-called 'substance window', containing the analytes at the same hR F -value (Fig. 5) , is a basic prerequisite, providing the accurate, rapid quantitation by HPTLC-DART-MS [15] . Initial studies on the reproducibility of HPTLC-DART-MS using the x-y-z-table (Fig. 6) showed precisions (%RSD) of 12-17% [15] . This confirmed the general possibility of reproducible analysis by HPTLC-DART-MS. In the future, we expect to get precisions (%RSD) of 10% or even lower for HPTLC-DART-MS. Thus it will be an ideal, convenient tool for highly selective quantitative and reliable analysis of any planar substrate. This will also strengthen the potential of DART-MS for Imaging MS.
Nevertheless, the plate fixation (non-existent) might be improved in the nearest future, e.g. by a simple clamp system being flexible for any plate/material thicknesses. At the moment, TLC or HPTLC plates are fixed with a two-sided tape on the carrier table, but this might lead to an undesirable increase of chemical background, being critical for trace analysis. Additionally, the reduction of the DART outlet cone diameter could improve the spatial resolution.
The lacking sensitivity, which is the obvious limitation of the online TLC/HPTLC-DART-MS coupling, is influenced not only by ambient ionization, but also by the layer thickness due to the in-depth diffusion of analytes, and by the zone size/geometry. Single zones on the TLC/ HPTLC plate could be eluted almost completely by, e.g. 100 μL of solvent using the TLC-MS Interface (CAMAG). Such 100-µL eluates can be considered in the DART-MS approach suggested for large volumes concentrated in the small glass vessels [20] , providing an improved detectability. The benefit of that approach was a gain in sensitivity by up to more than two orders of magnitude, as compared to direct DART-MS analysis of liquids. Such an offline TLC/HPTLC-DART-MS coupling will provide the ionization of the whole analyte quantity and could be beneficial in specific cases, although collecting eluates and concentrating them on glass surfaces seems to be not so user-friendly as direct analysis.
Another way for signal enhancement and improvement of the detectability in TLC-DART-MS was described, which involves increasing the desorption rate by the aid of well-known fast atom bombardment (FAB) matrices. With reference to [18] , spraying methanolic glycerol solutions onto 12-mm wide parts of TLC plates before subjecting them to DART-MS analysis aids for desorption of some analytes from the silica gel [22] . Also, applying glycerol on a TLC plate stimulates the formation of the protonated molecules of analytes [19] . However, the reported quantities on the plate were at least 100 times higher than those reported in the first detailed study of HPTLC- . This matrix-assisted approach required an additional plate preparation step. The compatibility with other HPTLC hyphenations, e.g. further HPTLC-ESI-MS analysis of a zone of interest partially desorbed by , might be reduced by this step, and it has to be taken into account when developing a successful application.
Impact on other fields
One of the attractive applications of surface analysis by DART-MS, namely analysis of dried spots of any liquids, is reported for the first time for propolis extracts applied and stored on a TLC plate [24] . Such a TLC [21] plate is used as a carrier without any chromatographic separation. Analysis of dried spots of liquids is perspective, when it simplifies the procedure for storage, transportation and further analysis. Analysis of dried spots of biological liquids, i.e., dried blood, on a carrier has been recently reported using the online elution of analytes from the spot by an organic solvent and transfer of the extract to electrospray ionization mass spectrometry (ESI-MS) [25, 26] . Using DART-MS, the procedure is even more simplified and accelerated due to the absence of any solvents or extraction tools. The higher molecular weight matrix is not desorbed and ionized, and therefore not recorded.
Another interesting field of application, related also to surface analysis, is DART-MS Imaging of small molecule distributions on different surfaces. Currently MS Imaging is most often performed using matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) [27, 28] . The capabilities of MALDI-MS in determination of small molecules are restricted due to the overlapping of analyte signals with the signals from the MALDI matrix. A minor drawback of the recently developed DESI-MS Imaging [29] might be the application of solvents and, therefore, the possible distortion of small molecule zones on the sample surface by the DESI solvent like shown for methanol on silica gel layers [3] . DART-MS Imaging of small molecule distributions on different surfaces has not been shown yet due to the currently insufficient spatial resolution. However, two recent related papers describe studies of DART-like ionization including the laser shot, providing a point-like analyte desorption and an improved spatial resolution [30, 31] .
Conclusions
The hyphenation of planar chromatography with DART-MS is promising for analysis of complex liquid samples, e.g. biological fluids, drinks and extracts of feed, food, nutraceuticals, herbs or plants. It provides the unique possibility for highly selective and direct mass spectrometric analysis of planar separations by the online scanning, using only an excited gas beam. This is advantageous, as solvents, which could dither the zone of interest and distort its composition due to impurities contained in them, are not required. Contrary to the more traditional HPLC-MS coupling, it allows detecting the analytes, not migrating with the mobile phase and remaining at the start region of the stationary phase.
Basic instrumental modifications and optimizations are almost done. The upgraded up-to-date setup/ configuration can now be employed for the fine tuning, because it seems to deliver reliable and reproducible values [15] . In order to extend the capabilities of HPTLC-DART-MS, it is now important to investigate the influencing experimental factors and optimal analytical capabilities systematically. The analyte penetration into the TLC/HPTLC layer material restricts the desorption rate. Therefore, an improved detectability by DART-MS is expected from layers with reduced thickness. Besides, the spatial resolution of DART-MS analysis of surfaces can be improved. Such improvement will impact not only the one-dimensional TLC/HPTLC-DART-MS coupling, but also multidimensional methods [32] and miniaturized planar chromatography [33] .
Apparently, as it follows from the available bibliography, the hyphenation of planar chromatography with DART-MS has a large research potential in fundamental and applied analytical chemistry. It will progress in analysis of low-molecular compounds in complex samples, and will be highly suitable in the broad variety of research areas, e.g. nutrition science, pharmacognosy, clinical diagnostics, environmental chemistry, mate rial science, etc. -in any field, when analysis of small mole cu les is needed.
